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A chemical strategy to promote helical peptide–protein
interactions involved in apoptosis
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Abstract—Protein–protein interactions often involve secondary structural elements, such as helices. Protein–protein interactions
within the Bcl-2 family are mediated by the helical BH3 domain of proapoptotic family members, such as Bad, Bak, Bax, or
Bid. Here, we report that two 5-residue fragments located at the N- and C-termini of the 16-residue BH3 domain of Bad, respec-
tively, serve as affinity-enhancing motifs (AEMs) for the BH3 domain. When added to the BH3 domain derived from other proa-
poptotic proteins such as Bak, Bax, or Bid, these AEMs significantly increased the Bcl-2-binding affinity of these BH3 peptides by
promoting the helical structure. This finding may point to a new strategy for studying and mimicking helical peptide–protein inter-
actions involved in apoptosis.
� 2005 Elsevier Ltd. All rights reserved.
Protein–protein interactions play an important role in a
wide variety of physiological and pathological processes.
The inhibition or promotion of these interactions, either
by small molecules such as synthetic peptides or by
nonpeptidic organic compounds, is of great interest for
understanding the mechanism of biological recognition
and developing novel therapeutic agents. In this regard,
much progress has been made in recent years.1,2 This
type of chemical research on protein–protein interac-
tions is becoming increasingly important, especially in
the post-genomics era, in which small molecular regula-
tors of protein–protein interactions can be used to study
the function of new proteins uncovered by genomics re-
search efforts.

A wide array of protein–protein interactions are in-
volved in the process of apoptosis or programmed cell
death. The chemical biology of apoptosis, which aims
to understand the chemical basis of how cells die and
to develop intervening strategies for this process when
dysregulated in human diseases, is a rapidly growing
area of research.3,4 As key regulators of apoptosis,
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Bcl-2 and related Bcl-2 family member proteins have
been the subject of intensive chemical, biological, clini-
cal, and structural research. The Bcl-2 family includes
a growing list of proteins that can either inhibit apopto-
sis (antiapoptotic), such as Bcl-2 and Bcl-xL, or promote
apoptosis (proapoptotic), such as Bak, Bax, Bid, and
Bad. Despite the opposite functions of these anti- and
proapoptotic proteins,3 they share some common fea-
tures, such as the BH1-4 domains conserved in their
amino acid sequences. In general, the BH3 domain is
shared and used by all proapoptotic Bcl-2 family
members as a key element to bind and counteract
antiapoptotic proteins. NMR studies have shown that
a 16-residue peptide derived from Bak BH3 domain
bound to Bcl-xL in a helical conformation.5 Synthetic
peptides and small molecules that mimic these proapop-
totic BH3 domains have been shown to induce apoptosis
of cancer cells, thus acting as a new class of anticancer
agents for a wide variety of cancers in which Bcl-2 or
related proteins are implicated.3

We are interested in knowing more about the chemical
mechanism of the interaction between BH3 peptides
and Bcl-2 protein as a model for studying protein–
protein interactions involving helical domains. One
important challenge for using peptides or peptide-mim-
icking compounds to study or inhibit large protein–
protein complexes is the lack of high protein binding
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Figure 1. (a) AEM motifs are attached to the N- and C-termini of the

BH3 domain peptide; (b) The Bcl-2-binding affinity of the BH3 domain

peptides.
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affinity of synthetic peptides or small molecule mimics.
In this study, we wanted to explore new strategies to en-
hance peptide–protein interactions using BH3 peptides
and Bcl-2 protein as a test example. We noticed the very
high Bcl-xL- and Bcl-2-binding affinity, which is proba-
bly the highest among natural BH3 peptides of the same
or shorter length and nonpeptidic compounds that mim-
ic the BH3 domain, shown by peptides derived from Bad
containing the 16-residue BH3 core sequence plus sever-
al additional residues at both its N- and C-termini.6–8

Interestingly, the 16-residue Bad BH3 core peptide
showed very low or no binding to Bcl-2 (Table 1) or
Bcl-xL.

6 Thus, it is apparent that the addition of N-
and C-terminal segments of 4–5 residues led to this sub-
stantial increase in binding affinity.

In this study, we hypothesize that these N- and C-termi-
nal sequences adjacent to the Bad BH3 core domain are
affinity enhancing segments and propose that they are
designated as N-AEM (affinity enhancing motif) and
C-AEM, respectively. The amino acid sequences for
N-AEM and C-AEM are NLWAA and SFKGL,
respectively. To investigate the mechanism of action of
these AEMs, we first posed the question as to whether
N-AEM or C-AEM or both are needed for the affinity
enhancement. Bad BH3 peptides containing the addition
of N-AEM (N-AEM-Bad BH3) or C-AEM (Bad BH3-
C-AEM) alone were synthesized (Table 1). Using a flu-
orescene polarization (FP)-based competitive binding
assay,9 we tested the Bcl-2 binding of these peptides as
compared to Bad BH3 (the 16-residue core) and Bad
BH3-26 (the 26-residue longer peptide containing both
N-AEM and C-AEM). While N-AEM-Bad BH3 and
Bad BH3-C-AEM showed increased binding affinity as
compared to the inactive Bad BH3, both of them were
still much less potent than Bad BH3-26 (Table 1). This
demonstrates that both N-AEM and C-AEM are need-
ed and together lead to a drastic enhancement in affinity.
To ask the question whether any key residue(s) in these
AEMs is important for the observed affinity enhancing
activity, four mutant peptide analogs containing amino
Table 1. Bcl-2-binding affinity of Bcl-2 family protein BH3 peptides and the

BH3 domain peptides Sequence

Bad BH3-26 NLWAAQRYGRELRRMSDEF

Bad BH3 QRYGRELRRMSDEFEG

N-AEM-Bad BH3 NLWAAQRYGRELRRMSDEF

Bad BH3-C-AEM QRYGRELRRMSDEFEGSFKG

Bad BH3-26 (R2) NRWAAQRYGRELRRMSDEF

Bad BH3-26 (A3) NLAAAQRYGRELRRMSDEFE

Bad BH3-26 (A22) NLWAAQRYGRELRRMSDEF

Bad BH3-26 (A23) NLWAAQRYGRELRRMSDEF

Bak BH3 GQVGRQLAIIGDDINR

Bak BH3-26 PSSTMGQVGRQLAIIGDDINR

N-AEM-Bak BH3-C-AEM NLWAAGQVGRQLAIIGDDIN

Bax BH3 KKLSECLKRIGDELDS

Bax BH3-26 QDASTKKLSECLKRIGDELDS

N-AEM-Bax BH3-C-AEM NLWAAKKLSECLKRIGDELD

Bid BH3 RNIARHLAQVGDSMDR

Bid BH3-26 QEDIIRNIARHLAQVGDSMD

N-AEM-Bid BH3-C-AEM NLWAARNIARHLAQVGDSM

aCD spectra were acquired in 10% TFE.
b CD spectra were acquired in 0%, 10%, 30%, 50% TFE.
acid replacements at various positions of the N-AEM
or C-AEM of the peptide were synthesized and tested.
Except for the Phe ! Ala mutation at the C-AEM that
led to a �4-fold reduction in affinity, the rest of the
mutations did not have any significant effect on binding.
These results suggest that these AEMs do not make any
direct and major contribution to binding but rather
likely serve as motifs to enhance the affinity of the
BH3 core. Also supporting this argument was the find-
ing that the individual N-AEM or C-AEM peptide
sequence alone did not show any binding to Bcl-2
(data not shown). Our results are consistent with the
study by Petros et al., who also found that these sequenc-
es did not contain key binding determinants contributing
to significant interaction energy with Bcl-xL.

6

We tested whether the AEMs derived from Bad can be
applied to enhance the Bcl-2-binding affinity of BH3
peptides derived from other proapoptotic proteins.
The AEMs were added to BH3 core peptides derived
from Bak, Bax, and Bid (Table 1). A significant increase
in Bcl-2 binding affinity was seen in all three cases when
the AEMs were applied (Table 1 and Fig. 1). While
ir analogs

IC50 (lM) % Helix

EGSFKGL 0.30 13.1a

N/A 14.1a

EG 5.60 12.0a

L 17.50 13.4a

EGSFKGL 0.49 13.9a

GSFKGL 0.41 13.8a

EGAFKGL 0.80 14.0a

EGSAKGL 1.36 13.4a

8.36 6.1/7.3/14.6/21.8b

RYDSE 3.03 7.3/8.9/25.2/37.7b

RSFKGL 0.65 8.1/11.4/56.7/67.7b

29.07 6.2/9.5/27.9/31.8b

NMELQ 2.88 10.0/12.9/47.3/55.1b

SSFKGL 1.33 18.9/32.9/65.5/72.8b

22.34 5.8/8.6/18.6/32.6b

RSIPPG 14.08 9.8a

DRSFKGL 1.56 8.6/12.5/53.4/69.3b
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the BH3 core peptides derived from these different
proapoptotic proteins have different sequences and
binding potency, affinity enhancement by the AEMs
was notably consistent and significant, which suggests
that the affinity enhancing effect of the AEMs might
be generally applicable. To examine whether this ob-
served affinity enhancement effect is dependent on the
specific sequence of the AEMs, the AEMs in the
above-described peptides were substituted by native
sequences of Bak, Bax, or Bid at the corresponding seg-
ments. These native motifs derived from Bak, Bax, or
Bid have a much less affinity enhancing effect than the
AEMs derived from Bad. These results suggest that
the AEMs found in Bad may represent highly optimized
motifs for promoting the binding interaction of BH3
domain with antiapoptotic proteins of the Bcl-2 family.

To investigate the mechanism of action of the AEMs in
enhancing BH3 peptide binding to Bcl-2, we studied the
structures of these various BH3 peptides with or without
the AEMs by using circular dichroism (CD) spectrosco-
py.9 Whereas in aqueous solution or low (10%) TFE all
of these peptides studied are unstructured with low
(�6–14%) helical content, a substantial increase in heli-
cal structure was observed in higher (30% or 50%) TFE
for AEM-containing peptides (Table 1). As shown in N-
AEM-Bak BH3-C-AEM, N-AEM-Bax BH3-C-AEM,
and N-AEM-Bid BH3-C-AEM where the AEMs were
incorporated into these various BH3 peptides, a signifi-
cant helical structure (53–72% helical content) was
found. The helix-promoting ability of AEMs from Bad
is sequence specific, as the corresponding native
sequences from Bak and Bax, which were chosen as rep-
resentatives to be studied here, have the helix promoting
effect not as strong as the AEMs from Bad. The differ-
ence in the ability to promote helix stability of these na-
tive sequences versus the AEMs from Bad seems to be in
correlation with different binding enhancing effects.
Taken together, these results suggest that AEMs from
Bad act to stabilize the helical structure of the central
BH3 peptide core, thus indirectly enhancing the helical
peptide core binding for the Bcl-2 protein.

The discovery of AEMs adjacent to the BH3 core may
have implications in understanding the mechanism of
proapoptotic Bcl-2 family members, especially the so-
called BH3-only members that are thought to act mainly
by binding to antiapoptotic proteins via the BH3 do-
main. In the past, the 16-residue BH3 core sequence
conserved among both proapoptotic and antiapoptotic
proteins had been the subject of many structure–func-
tion studies. It might be worth investigating the role
and mechanism of the AEMs found in Bad and the cor-
responding segments in other proteins in the function
and interaction of these proteins. These motifs are non-
conserved among Bcl-2 family proteins. Whether such
sequence variations can be linked to the difference in
affinity and selectivity observed in different Bcl-2-related
protein–protein interactions remains to be addressed.
The discovery of AEMs may also aid in the development
of highly potent antagonists of Bcl-2 or Bcl-xL. It has
been shown by a number of recent studies that small
molecule antagonists of Bcl-2 and/or Bcl-xL are promis-
ing anticancer agents 3. These antagonists exert their
biological activity by mimicking the BH3 core domain
in the interaction with the receptor. A potential limita-
tion of these small molecules is that they have a relative-
ly lower binding affinity when compared to native
proteins or peptides. The findings reported here about
the AEMs suggest two new strategies to improve the
binding affinity of small molecule antagonists of Bcl-2
and/or Bcl-xL. The first is the addition of the AEMs to
the molecular templates to generate AEM peptide–small
molecule hybrids. This would be similar to what is
described in this study for the AEM containing BH3
peptides. The second involves the conjugation of
not the AEM peptides themselves but small molecules
capable of mimicking the effect of the AEMs.

As helical domain–protein interactions are widely found
in many biological systems, it remains to be seen
whether the AEMs consisting of short amino acid
sequences near the helical core binding domain like
those observed in this study exist in other proteins. If
such motifs are found, they may be used for generating
high affinity protein-binding peptides employing a simi-
lar strategy as reported here. Such small and highly
effective affinity enhancement templates are amenable
for chemical synthesis and readily applicable to small
molecule ligands.
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